This paper deals with the variability of the practical coefficient of the first ionisation equilibrium of carbonic acid as related to the CO 2 in the liquid phase (Henderson-Hassel balch equation) , cHC0 3-(P) pK 11(P)=pH-log SC0 2(P). peo. and that of the practical coefficient of the first ionisation equilibrium of carbonic acid as related to the CO 2 in the gas phase (modified Henderson-Hasselbalch equation) K ' (P H I cHC03-(P) P 19 )=p -og ----'--' »co,
Theoretical consideration has shown that pK'1i and pK'lg in solutions depends on temperature T(K) and ionic strength I (rnrnol-l:'). The latter means that both coefficients in pathological plasma with extremely high abnormal concentration of salts, proteins, lipids, and mass of water may be expected to vary ca 0·05. In addition a variation of ca 0·01 in pK'l!(P) and pK'lg(P) is observed in practice due to the sodium errcr of the glass electrode and the carbonate and carbamate errors in the plasma bicarbonate determination. Experimentally, it has been demonstrated that pK'1I in plasma before and after isotonic or hypotonic dilution changed with the ionic strength in agreement with the theory. No appreciable influence of the concentration of bicarbonate ions or uncharged urea molecules on pK' IJ(P) was found. A transient increase of pK'll(P) was observed during non-equilibrium caused by conversion of urea into ammonia and carbon dioxide after addition of urease.
Normal values of pK'l!(P)=6·108±0·02 at pH=7-4 and t=37°C were found in dogs which had been made acidotic and alkalotic by being loaded with NH 4Cl and NaHCO a, respectively. We did not observe any systematic deviation in the value of pK'I~(P) in patients undergoing cardiac bypass surgery. Consequently, the variability in the first ionisation coefficient of carbonic acid observed in 26 this study does not warrant the discontinuation of the use of the (modified) Henderson-Hasselbalch equation for calculating cHCOa-(P), which is the generally accepted procedure in automated blood gas analysers. An inaccuracy of less than ca 15 % in the determination of cHCO a -(P) may be expected in patients' with a rapidly changing condition, because of the mentioned possible variation of ±0·06 in pK'II(P) and the random errors in the measurement of pH and pC0 2 •
Introduction
In most clinical chemistry laboratories, disturbances of the acid-base balance are assessed by measuring the pH and the partial pressure of carbon dioxide (pC0 2 ) in arterial blood with modern automated blood gas instruments and calculating the bicarbonate concentration in plasma (cHCO a -(P» with the Henderson-Hasselbalch equation. Some doubt has been raised, however, about the reliability of this approach.':"
The Henderson-Hasselbalch equation for the equilibrium between H+ and HC0 3 -, CO 2 and H 20 in plasma is usually written as , cHCOa-(P) pH = pK II(P) .+ log (1) SC0 2(P) . pC0 2 where pK'Il(P) denotes the negative logarithm of the overall first ionisation coefficient of carbonic acid as related to the CO z in the liquid phase of plasma (cf. section 2) and SCOz(P), the solubility coefficient of CO z in plasma." In calculations using equation (I), a value of ca 6·1 is used for pK'II(P) and a value of ca 0·23 mmol . 1-1 . kPa-1 at 37"C is used for SCOz(P).
Some authors" 9 have proposed combining pK'II(P) and SCOz(P) to a new quantity pK' Ig(P), resulting in a modified Herrderson-Hasselbalch equation : , cHC0 3-(P) pH = pK Ig(P) + log
(2) pCO z where pK'18(P) is the negative logarithm of the overall first ionisation coefficient of carbonic acid as related to the CO z in the gas phase (cf. section 2). In calculations using equation (2) at 37°C, a numerical value of ca 6·7 is used for pK'lg(P), when in equation (2) pCO z is expressed in kPa and cHC0 3 -in mmol . 1-1. Since the introduction of the Henderson-Hasselbalch equation in 1916,10 many reports have been published of investigations on the value to be used for pK' IJ(P),u-18 Obviously, the quantities of pH, cHC0 3-(P), and pCO z must be measured for the determination of pK'1I and pK'lg. In addition; for pK'11 accurate values for SCOz(P) must be available. pH was measured in the 1920s and early 1930s with hydrogen electrodes. In the late 1930s, hydrogen electrodes were replaced by glass electrodes, for which an alkaline error has been shown to be above pH=7·0. 9 cHCO;(P) was calculated from total carbon dioxide concentration ctCOz(P) measured with the manometric van Slyke technique or with the cediometer-" using the equation: cHC0 3 -(P) = ctCOz(P) -SCOz(P) . pCO z (3) In 1962 Siggaard-Andersen-' used an indirect titration method for the measurement of cHCO a -(P), while in 1971 Maas et al. 9 used an improved direct titration method. All these methods cause a small error because of the presence of carbonate ions ·The symbols used in this paper have been chosen with an eye on the IFCC Document Stage 2, Draft I, entitled: Physico-chemical quantities and units in clinical chemistry with special emphasis on activities and activity coefficients (J Clin Chem Clin Biochem, 1980; 18: 829-54) . Because the recommendations in this document have a provisional character they have been followed only when they were not too different from conventional usage.
For typographical reasons the equilibrium constant and fugacity are printed in bold roman type.
Strictly, all quantities have to be made dimensionless before mathematical operations such as taking the logarithm may be carried out. Thus cHCO,-has to be divided by the unit in which it is expressed: cHCO, '/mmol . ,-lor, still better, cHC0 3 ") I mmol : -1 for which lhesymbolcHCO, as been proposed; also pCO. has to be divided by the unit in which it is expressed: pCO./kPa or, still better, pCO.1I k Pa, for which the symbol pCO./pCO.~has been proposed.
(CO~-) and carbamate ions ( -RNHCOO-).· When cHCO]"(P) is obtained by a gasometric method resulting in molar concentration instead of a titrimetric method resulting in equivalent concentration, the carbonate error is halved. pCO z was determined by tonometry of separated plasma with gases of known volume fraction of CO z (FCO z ) and calculated with the equation: (4) where pH and pHzO denote barometric pressure and saturated water vapour pressure, respectively. In the 1960s, tonometry for the determination ofpCO z was replaced by measurement with membrane-covered CO 2 electrodes,' 2.12-16 which yield less accurate results. SCOz(P) has been determined by means of experiments in which acidified plasma or serum was equilibrated with gas mixtures with known FCO z , and the resulting ctCOz(P) was measured manometrically. Acidification was necessary to prevent binding of CO z as HCO~or as carbamate (-RNHCOO-). Various investigators arrived at a value for SCOz(P) of ca 0·230 mmol . 1-1 . kPa-1 for normal plasma at 37°CY 18 Higher values for SCOz(P) have been measured in plasma with a high lipid concentration." An accurate value of SCOz(P) must be used for the correct calculation of pK'II(P). For the calculation of cHCO~(P) with equation (3) the value of SCOz(P) is less critical, because ctCOz(P) is usually 20 times greater than SCOz(P) . pCO z · Using for SCOz(P) a value of ca 0-230 mmol . I-I . kPa-1, all investigators arrive at a value of ca 6·1 for pK'II(P) at 37°C. However, after the introduction of glass electrodes, pK'II(P) has been found to decrease slightly with increasing pH, though the decrease, ranging from 0·03 to 0·06 over one pH, is too small to invalidate the use of the Henderson-Hasselbalch equation. The decrease is ascribed to the alkaline error of glass electrodes and to the pH-dependent carbonate and, possibly, carbamate errors in the determination of cHCO a -(p).9 11 The introduction of membrane-covered CO z electrodes made it possible to determine pK'II(P) of true plasma, ie, plasma in exchange with blood cells, by measuring pH and pCO z directly in whole blood and ctCOz(P) in plasma obtained by anaerobic centrifugation. In the blood of healthy volunteers, the values found for pK'II(P) were ca 6·10 as normal." However, in the blood of acutely and ·Two other possible equilibria, NaCO;~Na" + CO~ and CaHCO;~Ca2+ + HCO;, should be considered. The first one was proposed by Siggaard-Andersen'! and questioned by Maas." The equilibrium constant pKcaHco~of the second one is ca 0·6 mol . I-I, showing cCaHCOt in normal serum is around 0·03 mol· 1-1 . 11 These equilibria will not be taken into account.
(5) (14) seriously ill patients, some investigators have reported large variations in pK' u(P), its value ranging from 5·8 to 6.4. 1 -3 Furthermore, a decrease in pK' u(P) was observed in human volunteers made acidotic by oral loading with NH 4Cl.
3 Abnormally high values of pK'tg(P) have been found in patients with renal tubular acidosis." pK'tg(P) returned to normal when the acidosis was corrected by intravenous infusion of NaHCO s. Finally, a slight dependence of pK' u(P) upon cHC0 3 -(P) has recently been reported ," 7 Any change in pK' u and pK'lg of true plasma observed when pC0 2 is measured with CO 2 electrodes would invalidate the current practice in clinical chemistry in which cHCOs-(P) is calculated from pH and pC0 2 measured in whole blood. We therefore decided to study once more the problem of the variability of pK' u(P) and pK'lg(P), both theoretically and experimentally. In the theoretical study, the various factors influencing pK'II(P) and pK'tg(P) are analysed. The experimental study concerns the influence of dilution on pK' u(P). We have also examined the influence on pK'1I when the equilibrium between H+, HCO s-, and dissolved CO 2 is disturbed by adding urease to a buffered urea solution and blood. Furthermore, we have tried to induce changes in pK' u(P) and pK'lg(P) in dogs loaded with large doses of NH 4 CI and NaHCO s ' Finally, we measured pK' Jg(P) of patients subject to large shifts in acid-base, water, and electrolyte balance during cardiac surgery.
Theory
In the following section the relationship between the constants and variables pertaining to the chemical equilibria of CO 2, H 20, H+, and HCO s -are investigated. The principal factors influencing the practical values to be used for the constants are critically reviewed. It is demonstrated that the theoretically derived values for these constants are in reasonably good agreement with data in the literature.
SOLUBILITY COEFFICIENT OF DISSOLVED CO 2
The partial carbon dioxide pressure of a solution (pCOJ is defined as the pC0 2 of a gas phase with which the solution is in equilibrium. At equilibrium between gas phase and liquid phase, the fugacity of CO 2 in the gas mixture (pC02) is directly proportional to the activity of free CO 2 in the solution (aCOJ. This is expressed in Henry's law:
where Kg, is the true Henry constant, expressed in I· kPa-mmol". If we split pC02 into fugacity co-efficient gC0 2 and pC0 2 , and aC0 2 into activity coefficient yC0 2 and free CO 2 concentration cC0 2, equation (5) can be written as:
In experiments on the solubility coefficient of CO 2 (SC0 2), the dissolved CO 2 concentration (cdC0 2 ) , which equals the concentration of free CO 2 (cC0 2 ) plus hydrated CO 2 (cH 2COs ), is determined rather than cC0 2:
cH 2COS is related to cC0 2 by the hydration constant Kh: aH 20 . yC0 2 . cC0 2 . Kh cH.CO s = (8)
• yH 2COs
Because Kh is very small (Kh R; 0·00125) the concentration of free CO 2 (cC0 2 ) differs very little from that of dissolved CO 2 (cdC0 2 ) . That is why we define the solubility coefficient of dissolved CO 2 (SC0 2) in any given solution as
SC0 2 in pure water is denoted SC0 2(W). In pure wafer yC0 2 R; I and aH 20 R; I. Furthermore, at pC0 2 < 101· 3 kPa gC0 2 R; I. Therefore,
Kg
In a given solution with pC0 2 < 10\·3 kPa, it follows from equations (9) It is usual to consider the first ionisation equilibrium in relation to the CO 2 in the liquid phase. The starting point is then the overall first ionisation equilibrium as related to free CO 2 :
CO 2 (solution) + H 20~H + + The equilibrium constant K li for (13) is defined as
Ku is dimensionless and has the unit I (one). 
The interrelationship between the practical coefficients K'Ig and K'II and the solubility coefficient SC0 2 follows from equations (17) and (20): pKll and pKIg are true constants. The values are independent of the composition of the solution and vary only with temperature. Assuming thatgCO z= 1, the relationship between pKls and pKIl becomes (cf. equation 22) pKlg = pKLI -log SC0 2(W) (28) and that between pK'lg and pK'll (cf. equation 23) becomes pK'lg = pK'Il-log SC0 2 (29)
Because the modified Henderson-Hasselbalch equation using pK'Ig does not contain the variable quantity SC0 2 , it is the most suitable for calculating cHC0 3 -(or pC0 2 ) from measured values of pH and pC0 2 (or cHC0 3 -) . or 2.4 CONVENTIONAL AND MODIFIED HENDERSON-HASSELBALCH EQUATION In order to use the practical equations (17) and (20), the negative logarithm of these equations is taken and the notation -log = p is applied. This gives for equation (17) paH+=
Replacing cC0 2 in equation (14) by SC0 2 • pC0 2 (cf. equation (10)) gives 
The constant K 1g for this equilibrium is defined as: aH+· aHC0 3 -
The unit of Kig is mmol . I-I . kPa-l . For practical purposes the practical coefficient K'Ig can be defined as:
The activity of a single ionic species is a concept lacking unique physical significance; it can be measured only when special non-thermodynamic conventions are assumed. However, if one considers the carbonic acid equilibrium for a solution of virtually constant composition (eg, plasma), the activity coefficients yHC0 3 -and yC0 2 , although unknown, may at least be assumed to be constant. The same holds for the activity of water aHzO. Hence the practical coefficient K'll can be defined as aH 20 . yC0 2 aH+· cHC0 3 -
At equilibrium between CO 2 in the gas phase and CO 2 in the liquid phase, the overall equilibrium can be considered to be , aH 20 . gC0 2 aH+· cHC0 3 -
The interrelationship between the equilibrium constants Ki g and Kll and the true Henry constant Kg follows from equations (6), (14), and (19):
The interrelationship between the equilibrium constants Kig and Kll and the solubility coefficient of dissolved CO 2 for pure water SC0 2(W) follows from equations (16) and (\9):
(22) gC0 2 2.7 VALUES FOR SC0 2 , pK'lI AND pK'lg IN
AQUEOUS SOLUTIONS
The relationship between the logarithms of solubility coefficient SC0 2 of a solution and that of pure water SC0 2 (W ) follows from equation (12):
The relationship between pK'11 and pKI1 may be obtained from equations (24), (25), and (30):
and, assuming gC0 2~I , the relationship pK'Ig and pKIg from equations (26), (27), and (30): pK' Ig=pKIg-logaH 20+10gyHCOa -+0-005 (36) In NaCl/NaHCO a solutions of ionic strength I of 0·0 -0·3 molI'< and temperature 15--40°C, Maas and Visser'" found:
where AT = T -288 ·15 K, and the unit of I is mol. 1-1, that pH is not exactly identical with paH+ because of the influence of the residual liquid junction potential on the measurement of pH.9 The coefficients are interrelated according to the relationship pK'IJ-pK'II= pK'lg-pK'(g= +0·005 ( 
where T is the temperature expressed in kelvin. Shedlowsky and Mclnnes'" determined pKlI at 0 to 38 nC using conductance measurements. They found the relationship 3374·162 pKlI = + 0·03272 T -14·707 (32) T According to equation (28), an expression for pK1g can be obtained by subtracting equation (31) from equation (32):
The measured numerical values for pKIg (cf. p. 27) of 6-842 at 298·15 K (25°C) and 7·030 at 311·15 K (38°C),16 agree within 0·005 with equation (33).
+0·0l48483T-12·795-0·0851 (40) and
Combining equations (31), (34), and (38) yields logSC0 2 = 2351·76 T Combining equations (32), (35), (37), (38), and (39)
Combining equations (33), (36), (37), and (39) yields
The experimentally found values of 6-662 and 6·756 for pK'lg (based on pC0 2 expressed in kPa and cHCO a -(P) in mmol . 1-1) in aqueous NaCI/ NaHCO a -solutions of I = 0·16 mol· 1-1at 25 and 38°C differ -0·007 and +0·003, respectively, from the corresponding values calculated with equation (42).9
2.8 VALUES FOR SC0 2(p), pK'IJ(p) AND pK'lg(P) Equations (40) and (41) cannot simply be applied for calculating SC0 2(P) and pK' IJ(P) because of the influence of proteins and lipids present in plasma on the solubility of CO 2, pK'lg(P) is not influenced because this quantity is related to gaseous CO 2 and not to dissolved CO 2, Hence, equation (42) 
Therefore, for plasma with I = 0·160 mmol . 1-1, pK'lg(P) is given by the equation
Siggaard-Andersen'! and Rispens et al.a used the experimental SC0 2(P) values reported by to calculate pK'lI(P) from measured values of pH, pC0 2 , and cHCOa-(P). These values are given by
T For comparing the experimental pK'u(P) values of Siggaard-Andersenand Rispens with the experimental pK'Jg{P) values of Maas and the pK'lg(P) values predicted with equation (44), the log SC0 2(P) values as calculated using equation (45) must be subtracted from the experimental pK' u(P) values in conformity with equation (29). Table 1 shows that the difference between the experimental values is small and that they are in good agreement with the calculated ones.
3 Experimental studies 3.1 DESIGN Four series of experiments were performed to detect possible deviations of pK' u(P) and pK'lg(P) from normal. The first and second series concerned in-vitro studies, the third series experiments with dogs, and the fourth series observations in patients. In the first series, pK' u(P) was studied in plasma before and after dilution with isotonic and hypotonic NaCI/NaHCO a solutions. In the second series, the effect on pK' u of the addition of urease was studied in plasma and in buffered urea solutions. In the third series, pK' u(P) was studied in dogs which had been made acidotic and alkalotic by being loaded with NH 4Cl and NaHCO a , respectively. In the fourth series, pK'lg(P) was studied in patients during cardiac surgery.
ANALYTICAL TECHNIQUES
In all experiments, pH and pC0 2 were measured at 37°C. In series 1 and 2, pH and pC0 2 were measured with an automated blood gas analyser (Model ABL 2, Radiometer, Copenhagen, Denmark); additionally, samples were equilibrated in an Astrup tonometer (Model AMTl, Radiometer), and pH was measured with a glass capillary electrode (Model E5021, Radiometer) connected to a pH meter (Model PHM27, Radiometer). In series 3, a micro p02/pC02/pH measuring system (Model Eak 1/2/3, Eschweiler, Kiel, FRG) was used in seven of the nine experiments. In the remaining two experiments, an automated blood gas analyser (Model ABL 2, Radiometer) was used. In series 4, both models ABLl and ABL2 were used.
In series 1, ctC0 2 was determined with a CO 2 analyser (Model 965, Corning, Halstead, UK), in series 2 and 3, with both a Corning 965 CO 2 analyser and a Cediometer.P and in series 4, with a Beckman Cl/C0 2 analyser (Beckman, Fullerton, CA, USA). Where ctC0 2 was determined in whole blood it was necessary to measure S02 and cHb to calculate ctC0 2(P) (see Calculations).
In series 2 and 3, S02 was measured by reflection oximetry'" and cHb by the HiCN method.s!
CALCULATIONS
From measured values of plasma pH, pC0 2 , and ctC0 2(P), pK'lI(P) and pK'lg(P) were calculated using equations (I) and (2), respectively cHCO a -(P) was calculated as the difference between total CO 2 and dissolved CO 2 (equation (3». For undiluted plasma, SC0 2(P) = 0·230 mmol . 1-1 . kPa-1 at 37°C as calculated from equation (45) was used. For diluted plasma, SC0 2(P) was found by linear interpolation between SC0 2(P) and the value pertaining to the aqueous diluent calculated by equation (40) using the correct ionic strength of the diluent. In experiments in which plasma was equilibrated in Table 1 Variation of pK ',g(P) with pH from !5°C (288·15K) to 40°C (3l3·15K)
·If peo. is expressed in mmHg, 0·875 should he added to all pK'lg(P) values.
an Astrup tonometer, pC0 2 was calculated with equation (4). ctC0 2(P) in plasma was calculated from ctC0 2(B) in blood as ctCO.(P) = ctCO.(B) . (2·244-0·422 sa.), (8· 75-pH) (46) (2·244-O·422s0.H8·75-pH)-0·0465 cHb where S02 is expressed as a fraction and cHb in mmol . I-I (25). Means, standard deviations, and linear regression coefficients were calculated by standard techniques.
3.4 REPRODUCIBILITY OF THE DETERMINATION OF pK'1\ AND pK'I!'I IN PLASMA AND BICARBONATE SOLUTIONS The reproducibility of the determination of pK'lI(P) in series 1, 2, and 3 was assessed by measuring pH, pC0 2 , and ctC0 2(P) 10 times in one and the same plasma sample and by measuring pH, pC0 2 , ctCO2(B), cHb, and S02 10 times in one and the same whole blood sample. In the experiments with plasma, a value of 6·098 ± 0·005 (SO) was found, while in the experiments with blood the value found was 6·099 ± 0·007 (SO). In series 4, the reproducibility of the determination of pK'lg was assessed by measuring pH, pC0 2 , and ctC0 2 several times in ampouled blood gas reference solutions." When using a Radiometer ABL2 and a Beckman CI/C0 2 analyser, pK'lg = 6·732 ± 0·015 (SO) was found, and when using an ABU and a Beckman CI/C0 2 analyser pK'lg = 6·725 ± 0·011 was found.
DETERMINATION OF pK'lI IN DILUTED PLASMA Isotonic dilution
Plasma samples with pH~7·0, 7·2, and 7·4, pC0 2 >8 kPa, and ctC0 2(P) >25 mmol . 1-1 were prepared by exposure to CO 2/0 2, gas mixtures of variable FC0 2 and by adding isotonic NaHC0 3 solutions (160 mmol . I-I). The samples thus prepared were stored in gas-tight syringes and analysed for pH, pC0 2 , and ctC0 2(P). Another part of these plasma samples was equilibrated in an Astrup tonometer with a CO 2/02 gas mixture with known FC0 2 and subsequently analysed for pH and ctC0 2(P). After these measurements the remainder of each plasma sample was diluted with three different isotonic NaCI/NaHC0 3 solutions (mmol . I-I): NaCI 160, NaCI/NaHC0 3 135/25, and NaCI/ NaHC0 3 110/150. Dilution was carried out using the syringe-in-syringe method. In this way, escape of CO 2 was prevented. The plasma/(NaCI/NaHC0 3 solution) ratio was approximately 1:2 in each dilution. Part of the diluted samples was analysed for pH, pC0 2 , and ctC0 2 , and another part was equilibrated with a known gas mixture in an Astrup tonometer and also analysed for pH and ctC0 2 • The values obtained for pK'1\ in undiluted and diluted plasma are shown in Table 2 . The values for undiluted plasma fall within the normal range, whether pC0 2 was measured with ABL2 or determined by equilibration in an Astrup tonometer. The values found in the samples obtained by dilution of plasma with pH~7·4 (sample 3) when pC0 2 was measured with the ABL2 were too high. The values obtained were normal, however, when the samples, thus diluted, were equilibrated in an Astrup tonometer and pK'1\ was calculated using the pC0 2 of the equilibration gas. Samples obtained by dilution of plasma with pH~7·0 and pH~7·2 yielded normal values for pK'1\ when pC0 2 was determined with the ABL2 and when it was determined by tonometry.
The pC0 2 values of the samples with high values of pK'l1 are low (~3 kPa). The ABL2 is calibrated using samples with pC0 2~5 ·33 kPa and~10·67 kPa. We therefore considered the possibility that the high pK'1\ values were due to falsely too high values for pC0 2 as measured with the ABL2. Therefore the sample obtained by dilution of plasma with pH 7·4 with the 160 mmol . 1-1 NaCI solution was equilibrated both with pC0 2 = 4·90 kPa and pC0 2 = 2·89 kPa in the Astrup tonometer. The corresponding pC0 2 values of these samples measured on ABL2 were 4·90 kPa and 3·32 kPa, respectively, which means +0·43 kPa for the lower pC0 2 • It is clearly demonstrated that the high values for pK'l1 were caused by too high values for pC0 2 as measured with the ABL2.
Hypotonic dilution
Samples with low ionic strength (l~0·81 mol· I-I) were prepared by diluting a single plasma with three different hypotonic NaCI/NaHC0 3 solutions (mmol . 1-1): NaCI 0, NaCI/NaHC0 3 25/25, and NaHC0 3 50. The plasma/diluent ratio was approximately 1:2·5. Both undiluted and diluted plasma samples were then equilibrated in an Astrup tonometer with FC0 2~0 ·05. Samples thus prepared were analysed for pH using a glass capillary electrode, for pH and pC0 2 simultaneously with the ABL2 and for ctC0 2 with the Corning 965. pK'l1 was calculated using both the pH and pC0 2 from the ABL2 and pH andpC0 2 obtained with the glass capillary electrode and the equilibration gas mixture. Results are shown in Table 3 . Normal values were found in undiluted plasma. In diluted plasma, the values were higher, which is in agreement with the lower ionic strength. Scarcely any influence of pH or ctC0 2 was found.
pK'l1 DURING NON-EQUILIBRIUM CAUSED BY CONVERSION OF UREA INTO AMMONIA AND CARBON DIOXIDE
Experiments were carried out in which nonequilibrium was induced in the H+/HC0 3-/C0 2 
•All data are the mean of five experiments. t ABL2 aod Astrup means that pH and pCO. were measured with ABL2 and Astrup tonometer systems, respectively. 
·All data arc the mean of five experiments. tABL2 and Astrup means that pH and pCO. were measured with ABL2 and Astrup tonometer systems, respectively. tPK'1\ (at pH~7·4) was calculated using pK'1\ and equation (43).
system by catalysing the conversion of urea into ammonia and carbon dioxide. urease t (NH2)2C =°+ H 20~2NHs + CO 2 (47) The reaction causes an increase in both pH and ctC0 2 while pC0 2 decreases. Experiments were carried out both with blood and with buffered urea solutions.
In the experiments with blood, 5 mmol urea was added per litre blood. The blood was stored at room temperature in 50 ml gas-tight syringes. After measuring pH, pC0 2, ctC0 2(B), cHb, and S02 in whole blood, 155 mg urease per litre blood was added, and the measurements were repeated 1 min, 10 min, and 60 min after this addition. A total of seven blood samples were used. In the last three samples ctC0 2(P) was also measured in plasma, obtained by anaerobic centrifugation. Centrifugation was done before the addition of urease to the blood and 1 min, 10 min, and 60 min after the addition, with a duration of ca 5 min each time. The results are shown in Table 4 . It can be seen that addition of urease results in a transient increase in pK'II(B) as calculated using ctC0 2(B). The difference pK'II(B) -pK'lI(P) may become as great as 0·1 in the first 10 min, returning to zero after 1 h.
Buffered urea solutions (I = 0·225 mol . I-I) were prepared by dissolving 50 mmol KH 2P04 • 50 mmol Na 2HP0 4 • 2H 20, and 25 mmol NaHCO s, making up to 1 litre with CO 2-free water, then adding 5, 10, 15,20, or 25 mmol urea per litre. The solutions thus obtained were stored at 37"C in 50 ml gas-tight syringes. After measuring pH, pC0 2 and ctC0 2 , ISS, 310, 465, 620 or 775 mg urease per litre was added and the determinations were repeated 5 min and 60 min after the addition of urease. The pK'1I values are shown in Table 5 . Also in these solutions with urease, a transient increase in pK'1I was found. In dogs 8 and 9, which were not equipped with a permanent aortic catheter, 10 mmol NH 4Cl per kg body weight was administered in the same way as in dogs 1 to 7. Eight hours later the dogs were anaesthetised with thialbarbitone, and a femoral artery and vein were cannulated for the sampling of blood and the administration of NaHC0 3 , respectively. Before starting the administration of NaHC0 3 , three blood samples were taken at 15-mi,n intervals. Then a NaHC0 3 solution, 0·5 mol· 1-\ was infused. A total dose of 10 mmol per kg body weight was given in 4 h. Samples were taken at 15-min intervals during the whole infusion period. The administration of NaHC0 3 caused an increase in pH from about 7·1 to about 7·5. In Fig c..a..c..c..c..o" ,
pK'lI(p) IN DOGS DURING LOADING
from 6·077 to 6· 146. There is a slight decrease in pK'Il(P) with increasing pH (pK'Il(P)=6·47~0·05 pH). However, this decrease is lost in the scatter of individual values (1'= -0'351) . In Table 6 , the values measured in the nine dogs are summarised.
No systematic influence of the administration of NH 4CI on pK'Il(P) can be seen; the changes of pK'Il(P) with pH are random (dogs 1 to 7). In dogs 8 and 9 (administration of NaHCO a) a slight decrease is seen in pK'il(P) with changing pH. However, these changes are in agreement with those to be expected at increasing pH 9 11 14 and are not due to the administration of NaHCO a per se, as suggested by Tibi et al,'
3.8 pK'lg(P) DURING CARDIAC SURGERY Cardiac surgery with extracorporeal circulation is accompanied by large changes in pH, blood gases, and electrolyte values. Therefore arterial pH and blood gases, plasma electrolyte concentrations, haemoglobin concentrations, and haematocrit are routinely measured for control of the patient's condition. The possible effect of such extreme conditions on the value of pK'lg(P) was studied in eight patients. Venous blood samples were taken before and after induction of anaesthesia and-immediately before, and two to three times at 30-min intervals during, and after the end of the perfusion. Plasma obtained by centrifugation at 4°C was sucked into air-tight syringes and analysed for pH, pC0 2 , and ctC0 2(P). pH and pC0 2 were measured with both Radiometer ABU and ABL2 analysers, and ctC0 2(P) with a Beckman CI/C0 2 analyser. In the patients studied the maximum changes in pH were 0·25, in pC0 2 , ctC0 2(P) and cHCOa-(P) 35%, in cHB 50% and in cNa+ and cCl-10% in comparison with control values measured before the induction of anaesthesia. These changes proved to have very little influence on the value of pK'lg(P). The mean value of pK'lg(P) in 36 samples measured with ABU was 6·720 ± 0·024 (SD) (range 6·660-6·769) and that in 45 samples measured with the -0·43  6·109  8  19  6·933  -0·112  -0·85  6·103  9 18 6·624 -0·073 -0·67 6·083 Mean 6·108 From the values of each dog, the change of pK'll(P) with pH was calculated as pK'Il(P) -e a + bpH; a and b arc reported in columns ABL2 was 6·717 ± 0·024 (SD) (range 6·635-6 ·747).
No systematic difference was found between pK'lg(P) measured with ABU and ABL2. The changes in pK' I g(P) occurring during induction of anaesthesia, artificial perfusion, and recovery from perfusion are not systematic and are lost in the scatter of individual values of pK'tg(P) ( Table 7) . No systematic change in pK'lg(P) with changes in pH, pC0 2 , and cHCO a -(P) could be demonstrated.
Discussion
Since the introduction of pC0 2 electrodes there have been reports that pK'11(P) can vary quite markedly in dlsease.>" ao Other reports have disputed this.Illa-18 28 29 According to Natelson and Noble," this variation could result in errors in cHCO a -(P) of -41 to 113% when calculated from pH and pC0 2 • Various explanations for the variation of pK'11 (P) have been suggested. Trenchard et aU suggested that in the blood of acutely ill patients the CO 2/ HCO a-system is not in equilibrium so that the Henderson-Hasselbalch equation does not hold. Austin et al. 15 and others? 14 28 suggested that random errors in the measurement of pH, pC0 2 or ctC0 2(P) caused the observed variation in pK'II(P).
In answer to a comment by Austin'" on their letter, Natelson and Noble ao mentioned deviations of the plasma concentration of Na+, Cl', proteins, lipids, and urea from normal as possible causes of abnormal pK'11(P) values. Tibi et al,' suggested that deviations of pK'II(P) from normal may be due to abnormal values of cHCOa-(P). Van Stekelenburg" suggested that the presence of the following equilibrium in aqueous solutions might explain the dependence ofpK'11 on both pH and cHCO a-:
The authors of these papers, in which variations of pK'11 or pK'lg in plasma and urine are reported, generally conclude that in clinical practice it is not justified to calculate ctC0 2 (p) and cHCO s -(P) from pH andpC0 2 • We disagree on both theoretical and experimental grounds, however, that the variation of pK' lI(P) is as large as they report. For a further analysis of the problem it should be stressed that pK'1I can be properly defined only for a homogeneous aqueous solution. In such a solution, with given ionic strength at given temperature, pK'11 is by definition constant (cf. equations (41) and (42». If plasma may be considered as a homogeneous aqueous solution, pK' u(P) and pK' Ig(P) will deviate from the assigned values of 6·1 and 6·7, respectively, only when temperature deviates from 37°C(31O·15K) or ionicstrengthfromO·16 mol· 1-1.
The dependence of pK' u and pK' I g on temperature at I = 0 ·16 mol . 1-1 is shown in Figure 2 . In the physiologically important range of 30-40°C (303'15-313'15 K) there is some change with temperature (dpK'I1/dT R::j -0·005/K, dpK'lg/dT R::j +0'007 . K). This temperature dependence, however, has nothing to do with the abnormal pK' u(P) values reported in the literature. The latter were all calculated at 37°C, using SC0 2(P) valid at 37 DC and assuming ctC0 2 (B) to be independent of temperature. Nevertheless, it should be borne in mind that in the measurement of pH and pC0 2 the properly mixed blood sample has to be warmed up to 37°C. Small errors are possible if pH and pC0 2 readings are taken before temperature equilibration is complete. However, the influence of these small errors on pK'lI(P) is slight, and it is difficult to see why the effect should be greater in the blood of seriously ill patients than in the blood of healthy people. Hence, from a theoretical point of view, only a deviation of I from 0·16 mol . 1-1 remains as a possible cause of abnormal pK' u(P) values. The relationship of pK'u and pK'Jg with I at 37°C is shown in Figure 3 . Around the point I = 0 ·16 mol· 1-1, dpK'u/dI = -0·567 I . mol-1 and dpK'Jg/dI = -0-482 1 . mol>'. A decrease in cNa+ and cCl-causes a decrease in I, and consequently an increase in pK'1l and pK'lg. Tibi et al,' report that in clinical situations cNa+(P) may vary from 80 to 210 mmol . 1-1.The corresponding change in ionic strength R::j 0·08 to R::j 0·21 mol· 1-1 induces a change in pK'11 of 0·13 x O·567 = 0·074, which is in excellent agreement with their experimental results. This means that pK'lI(P) may be expected to vary between 6·071 at extremely high cNa+(P) and 6·145 at extremely low cNa+(P). This is borne out by the results of our pK'u measurements in plasma diluted with hypotonic NaCI/NaHCO a solutions (Table 3) .
Proteins and lipids as such probably have only a minor influence on pK'u(P). They do, however, influence SC0 2 (P) and especially the water content of plasma, thereby inducing a change in the value of ionic strength when this quantity is expressed per litre plasma. It does not matter when concentration is expressed per litre plasma water. Waugh'" investigated the magnitude of volume displacement by serum proteins and lipids and developed an equation to determine the mass concentration (kg· 1-1) of water in any plasma sample (pHP(P»: p H 20(P)=0·991-0·73 pProtein-l·03 pLipid (50) where pProtein and pLipid denote the protein and lipid concentrations (kg-1-1). Thus in plasma samples with normal concentrations of proteins (0·078 kg . 1-1) and lipids (0·007 kg . 1-1),the mass concentration of water is about 0·93 kg . 1-1. In pathological plasma, however, the protein concentration may increase to 0 ·12 kg . 1-1 and the lipid concentration to 0·1 kg . 1-1. If both abnormalities are present, the mass concentration of water in the plasma decreases from 0·93 to 0·80 kg . I-I, which corresponds with an increase in ionic strength of 14%. In that extreme case a maximum decrease of 0·0 I in pK'II(P) may be expected. With protein and lipid concentrations below normal, however, an increase in pK' u(P) may be expected. This increase will be less than 0·01, which is in agreement with the pK' n values we have measured in plasma diluted with isotonic NaCI/NaHCO a solutions ( Table 2) . The above considerations demonstrate that the large variations in pK' u(P) reported in the literature cannot be explained by changes in ionic strength due to abnormal concentrations of Nat, Cl-nor to changes in the water content due to abnormal concentration of proteins and lipids. Natelson and Noble'" also suggested abnormal urea concentration as a possible cause of abnormal pK' u(P) values. It is not to be expected, however, that this uncharged molecule in the concentrations occurring in clinical conditions will have any influence on the ionic strength, and the influence on aH 20 is negligible. Indeed, as Table 5 shows, there is no change in the pK'1I of buffered urea when the concentration is increased from 5 to 25 mmol . I-I. Also, neither in our in-vitro experiments (Tables 2 to 3) , nor in our experiments in dogs ( Fig. 1 ; Table 6 ) were we able to find any appreciable influence of cHCO a -(P) on pK'II(P).
Our results are in agreement with earlier investlgationsf 11 new species were also present in the pathological plasma with abnormal pK'II(P), the values for cHCO a -(P) used for calculating pK'II(P) would be too high, and thus too low values for pK'II(P) would be calculated. Natelson et al. 5 and Trenchard et al., l however, report large deviations of pK'II(P) from normal in both directions.
Abnormal composition of plasma, therefore, can hardly explain the reported changes in pK' u(P).
Trenchard et aU have suggested another possibility.
They state: 'Marked variation in bicarbonate or CO 2 tension will throw the system out of equilibrium and until equilibrium is reestablished (if at all), the Henderson-Hasselbalch equation will not apply. Approach to equilibrium is initially rapid but slows, the final approach being very slow'. This remark is quite significant in connection with disturbances in blood in vivo. Recently, it has indeed been demonstrated that the establishment of equilibrium in the CO 2/HCOa -system in blood during and after exchange of 02' CO 2 in the lung or tissue capillaries takes more time than is usually supposed. aa U However, the equilibration is a matter of seconds rather than of minutes. The time between the sampling of blood and the measuring of pH, pC0 2 , and ctC0 2(B) will nearly always be long enough for equilibrium to be achieved. If this were not true, there would always be great problems arising from the fact that in the measuring procedure the blood has to be warmed up from room temperature or 4°C to 3rC (See above).
We were unable to find any influence of acute disturbances on the value of pK' 11(P) in dogs ( Fig. 1 ; Table 6 ) or in patients undergoing cardiac surgery ( Table 7) . The urease experiments of this study demonstrate that induced disturbed equilibrium, however, does result in abnormal pK'II(P) values. In the buffered urea solutions a transient increase in calculated pK'1I is found. The increase appears to be related to the initial urea concentration and is probably due to the fact that the increase in ctC0 2(P) and decrease in pC0 2 , which together raise the cHCO a-(P)/(SC02(P) . pC0 2 ) ratio, do not keep pace with the increase in pH during conversion of urea into CO 2 and NH a. It is striking that pK'II(P) increases if ctC0 2(P) as derived from ctC0 2(B) is used for calculation, whereas it decreases if ctC0 2(P) as measured directly is used. This difference may be due to the period required for obtaining plasma by anaerobic centrifugation. In the period of centrifugation, CO 2 production continues, which results in higher values for ctC0 2(P) and calculated lower values for pK'II(P). A deviation from normal of the Gibbs-Donnan ratio for cHCO a-between red cells and plasma during conversion of urea into CO 2 and NH a may also contribute to this difference. Moos, Rispens, Siggaard-Andersen, and Zijlstra Although the urease experiments demonstrate that metabolic processes going on in blood after sampling cause abnormal pK'Il(P) values, it must be stressed that in these experiments large changes of pH, pC0 2 , and ctC0 2(P) have been induced in a relatively short time and that relatively small changes in pK'l1(P) were obtained. It is doubtful, therefore, whether such metabolic processes play any significant role in causing abnormal pK'lJ(P) values.
In our experiments with dogs, and with patients undergoing cardiac surgery, we measured pK'II(P) and pK'lg(P) within ± 0·05 of the value predicted by equations (43) and (44). De Raedt'" has found the same range of pK'l1(P) in patients with respiratory insufficiency. This range of pK'l1(P) corresponds with the range to be expected from abnormal plasma composition (See above). It means that cHCO s -(P) can be calculated from pH and pC0 2 using the Henderson-Hasselbalch equation with an inaccuracy of ± 12 %. Part of the spread of pK'l1 may be due to random errors in the determination of pH, pC0 2 or ctC0 2(P). The determination of pC0 2 with membrane-covered electrodes is particularly prone to error. S5 In the experiments with diluted plasma, it has been demonstrated that our measuring system measures too high pC0 2 values in the low pC0 2 range (Table 2) . It is probable that in the high range too low values are measured. This may explain why the pK'l1 values measured by us at low pH and high pCO s in the dilution experiments were not higher ( Table 2 ). In this connection, it must be stressed that abnormal values of pK'l1(P) have been found only when pC0 2 was measured with electrodes and never when pC0 2 was determined by tonometry. So far it seems most likely that the observed large deviations in pK'Il(P) are due to errors in the determination of pCO s' Consequently, the variations in the first ionisation coefficient of carbonic acid observed in this study do not warrant the discontinuation of the use of the Henderson-Hasselbalch equation for calculating cHCO s -(P), which, after all, is the generally accepted procedure in automated blood gas analysers. An inaccuracy of ca 10 % in the determination of cHCO a -(P) may be expected in patients with a rapidly changing condition because of a possible variation of ± 0·05 in pK'l1(P). It would therefore be wise to measure simultaneously ctC0 2(P). This is important not only for the sake of quality control, but also because the weight of evidence may then finally clear all doubts about pK'II(P).36 37 Finally, it may be mentioned that the problem of the reliability of the Henderson-Hasselbalch equation can be considered from another point of view. Instead of the practical coefficient pK'18 the true constant pKlg, which is solely dependent on temperature, could be used. In this case a proper value for this constant, e.g. pKlg = 6·932 (cf. equations (30) and (33», allows aHCO a -instead of cHCO a -of plasma to be calculated from pH and pC0 2 • We believe aHCOa-(P) is more important from a biochemical or physiological point of view than cHCO a -(P), because tissue cells experience the activity, not the electrostatically restricted ions. However, we also believe that an additional quantity and an additional reference interval to be remembered contributes to data pollution.
The problem is analogous to the problems encountered with the use of ion-selective electrodes for Ca 2 +, Na+, or K+. The electrodes measure activities but the results are expressed as concentrations which equals the true concentrations for specimens with normal ionic strength. Therefore we propose aHCO a -(P) to be divided by an appropriate constant activity coefficient, e.g, yHCO a -(P) = 0·65 (cf. equation (37) with I = 0 ·160 and T = 310'15 K) to obtain cHCO a -(P), which equals the true cHCO a -(P) for normal plasma but may deviate from the true cCHO s -(P) in pathological specimens with an abnormal yHCO s -(Pl. When plasma bicarbonate is used as a rough indicator of accumulated acid or base, the activity is equally acceptable as the true concentration. Problems arise only when the aim is to calculate the concentration of total CO 2 from pH and pC0 2 • It may then be necessary to take into account variations in the activity coefficient of bicarbonate.
